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In neutron capture for magic{shell nuclei the direct reaction mechanism can be important and




Ca for projectile energies
below 250 keV in a direct capture model using the folding procedure for optical and bound state
potentials. The obtained theoretical cross sections are in agreement with the experimental data
showing the dominance of the direct reaction mechanism in this case. The above method was also













) neutron{capture nucleosynthesis processes
require temperature{dependent Maxwellian{averaged capture cross sections. For radioactive isotopes, where these
cross sections cannot be measured they are usually calculated within global Hauser{Feshbach models. Whereas this
statistical approach appears to be applicable for nuclides in between neutron shells exhibiting suciently high level
densities, it certainly will fail for neutron{magic isotopes with only a few widely spaced resonances. For such cases
apart from compound{nucleus (CN) capture, direct (DI) reaction processes are important.




Ca to test our method, where, in principle, all necessary





may be of importance in connection with an interpretation of the
50
Ti overabundance observed in FUN inclusions of
the Allende meteorite (see e.g. [10,11]).
In the CN mechanism the projectile merges with the target nucleus and excites many degrees of freedom of the





After this time the CN decays into various exit channels. In the DI process the projectile excites only a few degrees





s. This corresponds to the time it takes the projectile to pass through the target nucleus;
this time is much shorter than the reaction time of the CN processes.
For thermonuclear (in the keV region) and thermal (in the meV region) projectile energies the competition between
the dierent reaction mechanisms is quite complicated. Normally the CN formation prevails below projectile energies
of approximately 10 to 20MeV. However, for light nuclei and magic nuclei the CN formation is often suppressed
because there are no CN levels that can be populated. In this case the DI reaction mechanism can dominate the
nuclear reaction.
II. NUCLEAR{STRUCTURE INFORMATION
The nuclear structure of the compound nucleus
49
Ca is of special interest because of the expected simple single{













Ca. At higher excitation energies many bound levels can be described by 2particle{1hole congurations [3].




= 5:142MeV) comes from three dierent experimental sources:
neutron{capture and transmission measurements [2,6{8], (d,p){reaction work [3,9], and high{resolution spectroscopy















decay can be considered as inverse process to s{ and d{wave neutron capture on
48
Ca. Companion theoretical studies
1
to Ref. [2] by Divadeenam et al. [13] (2p{1h doorway model), to Refs. [4,5] by Dobado and Poves [14] (complete
sd{fp shell model), as well as own QRPA shell{model calculations (Gamow{Teller strength), using the code of Moller





states (s{wave resonances) up to at least S
n
+ 800 keV, which can be understood in terms of the
specic quasiparticle structure of
49
Ca. The second observation is that the d{wave strength is considerably larger
than the p{wave strength. This is due to the existence of a d{wave giant resonance for A = 48. Finally, no strong
neutron{resonances were identied below 158 keV. The two very small resonances at 20keV and 107keV only found
in neutron capture [7], but not in {delayed neutron decay [4,5] and not in the (d,p){reaction [3,9], are probably also





With this nuclear{structure information on
49
Ca average continuum (HF) and resonance (Breit{Wigner, BW)
neutron{capture rates were derived using the code SMOKER [12,16]. When comparing these values with the measured
30keV Mawellian{averaged capture cross section of
48
Ca (See Refs. [6,7]), one can draw the following conclusions:
The statistical{model (HF) prediction agrees with the measured cross section at 30 keV of about 1mb; this result
must, however, be regarded as completely fortuitous. The contribution of the resonances, i.e. the BW cross section,
is only about 5% of the total neutron{capture rate. Hence, in the case of the doubly{magic nucleus
48
Ca, 95% must
be due to direct reaction processes.
In contrast to
48
Ca(n,), the nuclear structure information on the radioactive target
50
Ca and the compound nucleus
51
Ca are scarce. Some bound levels without spin assignment are known from reaction work and
51
K {decay [17],
and the singles spectrum of dn's has been measured (see Fig. 1, taken from Ref. [4]; the continuum underlying the
peaks in the spectrum is due to the response of the spectrometer used). Due to Gamow-Teller selection rules, the








Ca. According to the




Ca. Similar to the compound nucleus
49





up to 0.85MeV beyond the neutron separation energy (S
n
= 4:4MeV [18]). This results in a resonance capture cross
section of h
CN
i ' 8:5  10
 15
mb when using the BW{formalism of the SMOKER code [12,16]. If this were the total
capture rate for
50
Ca, in any astrophysical s{ and n{type neutron{capture process [6,10] the build{up of A > 50 Ca
isotopes would be strongly hindered by successful competition of {decay. With this, a strong overabundance of
50
Ti
| as observed in certain meteoritic inclusions (for discussion see Refs. [10,11]) | would result.
However, also in the case of
50
Ca neutron capture, it is not unlikely that h
CN
i represents only a small fraction of
the total cross section which may be dominated by the DI reaction rate. Shell{model considerations (using the QRPA
code of Moller et al. [15,19]) support this possibility. When assuming the compound nucleus
51
Ca to be spherical,
































shell{model origin around 5.50MeV in
51
Ca. This is in good agreement with our experimental result from the
51
K




















) ' 5:37MeV. The neutron peaks at 1.18MeV, 1.46MeV,






are not important for the present resonance neutron{capture considerations.
In the following, we will present our direct neutron{capture calculations using as input parameters the experimental
and theoretical information given above.
III. DI-CALCULATIONS
Potential models have often been used to describe direct reactions at thermonuclear and thermal projectile en-
ergies (Ref. [20] and references therein). They are based on the description of the dynamics of the reaction by a
Schrodinger equation with optical potentials in the entrance and exit channel. Such models are the Distorted Wave
Born Approximation (DWBA) for transfer reactions or the Direct Capture Model (DC) for radiative capture.







































































) are the spins (magnetic quantum numbers) of the target nucleus
A, residual nucleus B and projectile a, respectively. The reduced mass in the entrance channel is given by . The
polarisation  of the electromagnetic radiation can be 1. The wave number in the entrance channel and for the













including electric dipole (E1) and quadrupole (E2)


































































































































































































are the charge and mass numbers of the projectile a and target nucleus
A, respectively. The quantum numbers for the channel spin in the entrance channel and for the transferred angular









(the same applies to other quantum numbers).











































































































































































































where W is the Racah coecient, the 
i
are the magnetic moments and m
p
is the mass of the proton.




























































for the magnetic dipole transition (ML = M1). The radial part of the bound state wave function in the exit channel












(r), respectively. The radial




























  12) sin  + (12  
2





In the long wavelength approximation | applicable in our case, since  = k

r  1 | these quantities reduce to
O
M1
(r) ' 1; (11)
O
E1






The most important ingredients in the potential models are the wave functions for the scattering and bound states
in the entrance and exit channels. In calculations performed by our group the potentials are determined by using the
folding procedure [20]. In this approach the number of open parameters is reduced considerably compared to more
phenomenological potentials (e.g. Saxon{Woods potentials). The nuclear densities are derived from nuclear charge
distributions [23] and folded with an energy and density dependent nucleon{nucleon (NN) interaction v
e
[24]:

































R being the separation of the centers of mass of the two colliding nuclei. The normalization factor  accounts
empirically for Pauli repulsion eects and dispersive parts in the potential V (R) that are not included in the folding
potential V
F
(R). This parameter can be adjusted to elastic scattering data and/or bound and resonant state energies
of nuclear cluster states and at the same time ensures the correct behaviour of the wave functions in the nuclear
exterior.
For the calculation of the DI capture cross section (Eqs. (1{14)) we used the code TEDCA [25]. The folding





Ca was calculated for projectile energies below 250keV. For the potential
48
Ca + n in the
entrance and exit channel we used





is the folding potential of Eq. (14). The strength of the potential 
i
in the entrance channel was determined
using neutron scattering data obtained from [8]. The data was tted to pure s-wave scattering with  = 0:019b
resulting in a 
i
of 0.93357 and giving a volume integral of 436.9MeV fm
3
.
For the optical potential in the entrance channel we neglected the imaginary part potential because the ux into
the other channels is very small. One may wonder, if the capture process would not itself produce a large damping,
because at low energies the capture cross section is larger than the elastic cross section. For instance, at thermal
energies the neutron{capture cross section of
48
Ca is about 1 b, whereas the elastic neutron cross section is about
0.02b. However, this can be explained by the dierent phase{space factors for the capture and elastic cross sections.













derivative at a radial distance R. The elastic cross section is about constant for projectiles near threshold, whereas
the capture cross section has the well known 1/v{behaviour. From the thermal value of the capture cross section,






 6  10
 5
is obtained. Since this expression can be regarded as a measure of damping
in the entrance channel, we see that the damping eects are rather small. Therefore, at low energies the large value
of the capture cross section (1/v{behaviour) compared to the elastic cross section (only weakly energy{dependent) is
4
due to the phase{space factors and does not result in additional damping eects.
For the exit channels in
49
Ca we tted 
f



















Ca, respectively. Spins, excitation energies, Q{values and spectroscopic factors for the transitions to the
ground and excited states are listed in Table I [9].
IV. RESULTS AND DISCUSSION
The theoretical cross section 
th
is obtained from the direct capture cross section 
DC
in Eq. (1) as a sum over















In our case the isospin Clebsch-Gordan coecients C
i
are 1. The spectroscopic factors S
i
describe the overlap
between the antisymmetrized wave functions of
48
Ca + n and the nal state in
49
Ca. We obtained the values for the





The most important contributions to the direct capture cross section are given by the transitions to the ground and
rst excited state in
49
Ca with a Q{value of 5.142MeV and 3.121MeV, respectively (Table II). For the transition to










With the small contributions of the 3p
3=2
state at 4.069MeV and the 3p
1=2




1:04mb for the Maxwellian{averaged direct capture cross section at 30 keV. The cross section for the transitions to
the other high{spin states in the nal nucleus can be neglected (Table II). This is due to the fact that only for nal
p{states an E1{transition with s{wave neutrons in the entrance channel is possible.
Fig. 2 shows the contributions to the direct capture at a projectile energy of 30keV as a function of the radial
distance from the target nucleus given by the integrand of Eq. (6). It is interesting to note that the important
contributions to the investigated capture reaction come from the nuclear surface (4.5{5 fm) as well as from the nuclear
exterior.
In Table III the theoretical DC cross sections 
th
obtained in this work are compared to the experimental data

exp
. As can be seen from Table III and Fig. 3 the experimental data can be reproduced excellently for the thermal
as well as for the thermonuclear energy region by our DC{calculations. In Fig. 3 the theoretical direct capture cross
section (solid line) is shown together with the experimental data of Cranston and White [1], Kappeler et al. [6] and
Carlton et al. [7]. In this plot we nd the well known 1/v behaviour of the experimental as well as the theoretical
cross section ranging from the meV to the MeV region.




Ca. To obtain the
50
Ca + n{potential
we used the density distribution obtained from QRPA calculations [15]. The Q{value for the p
3=2
transition to the









5.50MeV mentioned in the introduction are of 2p{1h type and therefore cannot be reached by direct capture. They
have not been included in our calculation. The spin and the excitation energy of the rst excited state is 1/2
 
at
1.1768MeV. The above values and the spectroscopic amplitudes were obtained from QRPA shell model calculations









Ca at 30 keV. The lower value of this cross section compared




Ca is mainly due to the lower Q{value.
These results are important for astrophysical r{ and {process calculations. Previously, the rates were calculated




Ca. Therefore, the turning point in the
neutron{capture path was at
48
Ca because of the very small cross sections of the heavier isotopes. With the above









Ca. Recent network calculations prove that possibility at least for low entropies of the Type II supernova
hot entropy bubble [27]. This underlines the importance of direct capture in astrophysical environments.
5
V. SUMMARY




Ca as a test case for calculating the DC cross section, since for this reaction all
the relevant information is available from various experiments. The experimental cross section could be reproduced
assuming a direct mechanism and using the potential model and the folding procedure.
As a more general conclusion, we have conrmed for the
48
Ca region that the applicability of the statistical
assumptions in the commonly used HF calculations to derive neutron{capture cross sections breaks down near magic
shells. Rather, the cross section is dominated by one or a few resonances, or | as in our cases | by direct radiative
capture to bound nal states in the absence of low{lying CN resonances.
As we have shown, some experimental information on neutron{capture resonances | even far from stability |
can be obtained from the decay model of {delayed neutron emission. With regard to spectroscopic factors of bound
states, they may be obtained from (d,p){reactions in inverse kinematics using cooled radioactive beams.
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FIG. 2. Contributions to the direct{capture cross section at 30 keV projectile energy as a function of the radial distance from
the target nucleus.





for projectile energies from the meV to the MeV region [1],[6],[7].


























































REFERENCE OF EXPERIMENTAL DIRECT CAPTURE
EXPERIMENTAL DATA CROSS SECTION CROSS SECTION
0.0253 eV (M. a.) Cranston and White [1] (1.09  0.14) b 1.13 b
25 keV (M. a.) Kappeler et al. [6] (1.03  0.09)mb 1.15mb
30keV (M. a.) Carlton et al. [7] (1.05  0.13)mb 1.04mb
97 keV Kappeler et al. [6] (0.55  0.09)mb 0.58mb
a
M. a. Maxwellian averaged.







[MeV] Q [MeV] S
2p
3=2
0.000 4.400 0.80
2p
1=2
1.177 3.223 0.92
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